G␣i but no G␣o could be detected in the immunoprecipitate. 1/100 of the input is loaded in the left lanes. (B and C) Optical cross-sections (apical up) through ectoderm and neuroblasts (brackets) of embryos stained for DNA (red), Insc (green, B and C), and G␣i (green, BЈ and CЈ). Merged images (BЈЈ and CЈЈ) are shown in different colors (DNA, blue; G␣i, red) to visualize colocalization in yellow. Both Insc (B) and G␣i (BЈ) concentrate in a stalk that remains in the epithelial cell layer during neuroblast delamination (arrowheads) and colocalize in an apical crescent in neuroblasts (arrowheads in C, CЈ, and CЈЈ). (D) In epithelial cells, G␣i (green, DNA in blue) is excluded from the apical cortex (marked by anti-Bazooka, red). Merged image shown in (DЈ).
(E and F) Neither G␣o (E, green) nor G␤13F (F, green) are asymmetrically localized in neuroblasts (DNA in red).
Here, we show that heterotrimeric G proteins are in-( Figures 1B and 1C) or Bazooka ( Figure 1D ). Before stage 12 of embryogenesis, G␣i is expressed in all cells and volved in directing asymmetric cell division in both neuroblasts and SOP cells. The G protein ␣ subunit G␣i localizes to the cell cortex ( Figures 1BЈ, 1CЈ , and 1DЈ). Costaining for the apical marker Bazooka revealed that localizes asymmetrically in neuroblasts and SOP cells.
Overexpression of G␣i or depletion of heterotrimeric
G␣i is concentrated basolaterally in epithelial cells (Figures 1D and 1DЈ ). Upon neuroblast delamination, when G protein complexes causes defects in both spindle orientation and determinant localization in both cell the expression of Insc starts ( Figure 1B) , G␣i concentrates in an apical stalk that extends into the epithelial types, suggesting that heterotrimeric G proteins integrate two distinct pathways to orient asymmetric cell cell layer ( Figures 1BЈ and 1BЈЈ , 83% of n ϭ 25 delaminating neuroblasts) and then colocalizes with Insc in a cresdivision. The G␣i binding partner Pins can cause the release of the G␤ subunit from G␣i, suggesting that cent along the apical cell cortex during interphase, prophase, and metaphase ( Figures 1C, 1CЈ , and 1CЈЈ, 100% G␣i may function during asymmetric cell division via a receptor-independent mechanism. of n ϭ 48 neuroblasts) until anaphase, when Insc disappears and G␣i becomes delocalized (data not shown). We also analyzed the subcellular distribution of G␣o and Results found no signs of asymmetric localization in neuroblasts ( Figure 1E , 100% of n ϭ 25 neuroblasts).
Pins, G␣i, and Insc Form a Complex and Colocalize in Neuroblasts
To analyze whether the G protein ␤ subunit shows a similar asymmetric localization, we decided to generate We had previously identified the Pins protein and a heterotrimeric G protein ␣ subunit as Insc in vivo binding antibodies against the G␤ subunit that binds G␣i. Three G␤ subunits are present in the Drosophila genome. partners (Schaefer et al., 2000). The peptide sequences obtained from the G protein are completely conserved G␤13F is the common Drosophila homolog of vertebrate G␤1, 2, 3, and 4 (Yarfitz et al., 1988), G␤7C is the Drobetween G␣i and G␣o. We therefore generated specific antibodies against both proteins and used them in imsophila homolog of the more distantly related vertebrate G␤5, and G␤76C has no clear vertebrate homolog and munoprecipitation experiments. While a significant amount of G␣i coimmunoprecipitates with Insc and Pins, is expressed and required specifically in the eye (Dolph et al., 1994; Yarfitz et al., 1991) . Since G␤13F is the no G␣o can be detected in the immunoprecipitate (Figure 1A) . We conclude that G␣i but not G␣o is part of common homolog of the major vertebrate G␤ subunits, we generated antibodies against this protein. Immunothe Insc/Pins complex in vivo.
To determine the subcellular localization of G␣i, Droprecipitation experiments showed that G␤13F indeed binds G␣i in vivo ( Figure 5B ). However, in contrast to G␣i, sophila embryos were stained for G␣i, DNA, and Insc 
G␤13F Is Required for Asymmetric Cell Division in Neuroblasts
Genetic analysis of G␣i is complicated by the presence of another gene within the first intron and the lack of identified P-element insertions near the gene. However, we identified a P-element inserted into the 5Ј untranslated region of the G␤13F gene and used this to generate mutants by imprecise excision (see Experimental Proce- trimeric G protein ␣ subunit (Parks and Wieschaus, 1991) and the phenotypic similarity suggests that Conc signals through G␤13F. To exclude phenotypes that are second-G␤13F is uniformly distributed around the cell cortex in ary consequences of the observed morphological deneuroblasts ( Figure 1F , 100%, n ϭ 25). Thus, G␣i but fects, conc mutant embryos were included as controls not the associated ␤ subunit is asymmetrically localized in the experiments described below. in neuroblasts, suggesting that G␤13F is also bound to G␣i protein levels and localization are unaffected in other G␣ subunits, possibly G␣o.
conc mutants ( Figure 3E , 100% of n ϭ 10 metaphase neuroblasts). In G␤13F mutants, however, G␣i disappears during gastrulation and is undetectable by immuInsc Is Required and Sufficient for the Apical Localization of G␣i nofluorescence in all cell types during stage 10 of embryogenesis when neuroblasts undergo their first round To test whether Insc is required for asymmetric G␣i localization in neuroblasts, insc P72 mutant embryos were of asymmetric cell division ( Figure 3F , 100% of n ϭ 20 embryos). A decrease in G␣i levels is also seen in stained for G␣i and DNA (Figures 2A and 2B ). During neuroblast delamination, G␣i fails to localize apically in immunoblots of G␤13F mutant embryos ( Figure 3D ). Since wild-type levels of G␣i are detected in stage 10 insc mutants ( Figure 2A ) and in 87% (n ϭ 63) of insc mutant metaphase neuroblasts, the protein is distribembryos deficient for G␣i (data not shown), the disappearance of G␣i must involve active degradation of the uted around the whole cell cortex ( Figure 2B ). To test whether ectopic expression of Insc is sufficient for the maternally provided protein. Levels of G␣o are unaffected in G␤13F mutants ( Figure 3D ), indicating that this apical localization of G␣i, insc was ubiquitously ex- degradation process is specific for G␣i. Thus, both G␣i observed in insc mutants (Kraut et al., 1996), and we therefore analyzed Insc distribution in these mutants. and G␤13F are absent from neuroblasts of G␤13F mutant embryos.
When neuroblasts delaminate from the neuroectoderm, Insc begins to accumulate in a stalk that extends into Staining for the neuronal marker Asense showed that neuroblasts are correctly specified, the epithelium, and this initial localization is unchanged in both conc ( Figure 3K ) and G␤13F ( Figure 3L ) mutants. delaminate, and enter mitosis shortly after delamination both in conc ( Figure 3G ) and G␤13F mutants (Figure Like in wild-type, Insc localizes into an apical crescent in conc mutant neuroblasts ( Figure 3M , 100% of n ϭ 12 3H). Furthermore, staining for DmPar-6 (Petronczki and Knoblich, 2001) revealed no defects in epithelial polarity metaphase neuroblasts). In G␤13F mutants, however, cortical localization of the protein is progressively lost (data not shown). However, while 86% (n ϭ 50) of the asymmetric cell divisions in conc mutant neuroblasts after delamination. Weak cortical Insc crescents were found in 11% of the metaphase neuroblasts, but in 25%, are oriented along the apical-basal axis ( Figure 3I ), only 26% (n ϭ 77) of the divisions in G␤13F mutant neurothe protein was partially, and in 64% completely, localized into the cytoplasm ( Figure 3N , n ϭ 28 metaphase blasts have this orientation, whereas the others are misoriented by more than 30 degrees ( Figure 3J, arrowneuroblasts) . Thus, heterotrimeric G proteins are required for maintaining Insc localization and for directing heads). Miranda localizes into a basal cortical crescent in 100% (n ϭ 50) of the conc mutant metaphase neurospindle orientation and asymmetric protein localization during neuroblast division. blasts ( Figure 3I ), but only in 6% of the G␤13F mutant neuroblasts (n ϭ 77). In 29% of the G␤13F mutant neuroblasts, crescents are misoriented, whereas in 65%, MiOverexpression of Wild-Type but Not Activated G␣i Causes Defects in Asymmetric randa is largely cytoplasmic ( Figure 3J) Asymmetric cell division was therefore analyzed in control embryos or embryos overexpressing wild-type G␣i from a ubiquitous maternal promoter (Figure 4) . While both Pins and G␣i localize apically in control metaphase neuroblasts ( Figures 4A and 4AЈ, 100% , n ϭ 35), they are uniformly distributed around the cortex of neuroblasts overexpressing G␣i ( Figures 4B and 4BЈ, 100% , n ϭ 22). The intensity of cortical Pins staining is higher in G␣i-overexpressing embryos ( Figure 4BЈ ), indicating that Pins is recruited from the cytoplasm to the cell cortex. Miranda localizes into a cortical crescent in control metaphase neuroblasts ( Figure 4C , 100%, n ϭ 50) but in only 20% of the G␣i-overexpressing neuroblasts (n ϭ 49). Instead, the protein is uniformly cortical (6%) or localizes partially or completely into the cytoplasm (74%, Figure 4D ). Defects in asymmetric localization are also observed for Numb, even though Numb does not relocalize to the cytoplasm ( Figures 4E and 4F ). Mitotic spindles (visualized by ␥-Tubulin staining) are oriented along the apical-basal axis in controls ( Figure 4C , 100%, n ϭ 49), but are misoriented in 74% (n ϭ 50) of the G␣i-overexpressing neuroblasts ( Figure 4D ). Insc localization is initiated during neuroblast delamination both in control ( Figure 4G ) and in G␣i-overexpressing neuroblasts ( Figure 4I ). In metaphase neuroblasts, however, Insc forms an apical crescent in the controls ( Figure 4H , 100%, n ϭ 10), but localizes partially (40%, n ϭ 30) or completely (60%) to the cytoplasm upon G␣i overexpression ( Figure 4J) .
If the defects observed upon G␣i overexpression are due to depletion of free G␤␥, overexpression of G␣i Q205L should be without effect. We therefore analyzed asymmetric cell division in neuroblasts after overexpression of G␣i Q205L under the same ubiquitous maternal promoter. Like wild-type G␣i, G␣i Q205L localizes around the cell cortex when overexpressed in neuroblasts ( Figure 4M) . However, the mutant form failed to recruit Pins to the cell cortex and had no effect on Pins localization. No defects in spindle orientation or basal localization of Numb and Miranda were observed (data not shown) and of the metaphase neuroblasts ( Figure 4MЈ, n ϭ 22) . This the Pins GoLoco domains cause the dissociation of G␤13F from G␣i. suggests that the phenotypes caused by G␣i overexpression might be a consequence of G␤␥ depletion.
These results suggest that G␣i exists in an unusual form in Drosophila neuroblasts that is bound to GDP However, several observations indicate that the defects observed after G␣i overexpression are not caused but free of the ␤ subunit. Furthermore, the observation that recombinant Pins triggers the release of the ␤ subonly by depletion of G␤13F. In addition to the defects described above, G␣i overexpression also causes pheunit from G␣i is consistent with the hypothesis that Pins activates heterotrimeric G proteins without nucleotide notypes that are not observed in G␤13F mutants. While the size difference between daughter cells is unaffected exchange on the ␣ subunit in the absence of an extracellular ligand. in most G␤13F mutant neuroblasts (data not shown), staining of the cell cortex by anti-␣-spectrin reveals that 80% of the G␣i-overexpressing neuroblasts produce Insc-Independent Asymmetric Localization two equal sized daughter cells ( Figure 4L, n ϭ 25 (Figure 5D, ϩpepF16R) . Thus, not shown). Numb is distributed around the cell cortex In neuroblasts, G␣i function does not seem to involve and spindle orientation are independent events (Knoblich et al., 1995) but their tight correlation suggests that they the GTP-bound form of G␣i. To test whether this is also the case in SOP cells, we overexpressed wild-type G␣i are directed by the same polarity cue. Our experiments suggest that heterotrimeric G proteins are involved in (Figures 6M and 6MЈ) and G␣i Q205L ( Figures 6N and 6NЈ ) in SOP cells. Upon overexpression, G␣i is no longer establishing this cue in both cell types (Figure 7) . In neuroblasts, the Insc protein is critical for the asymasymmetrically localized ( Figure 6M , 100% of n ϭ 30 mitotic SOP cells) and Numb is uniformly distributed metric localization of G␣i and its binding partner Pins.
Neuroblasts arise from epithelial cells in which Insc is around the cell cortex ( Figure 6MЈ, 100%, n ϭ 30) . Thirtyeight percent of the G␣i overexpressing SOP cells (n ϭ not expressed and G␣i (red in Figure 7 ) is localized basolaterally. When neuroblasts delaminate, Insc ex-149) but only 9% of the controls divided at an angle that deviated more than 45Њ from the anterior-posterior axis pression (blue in Figure 7 ) starts and the protein functions as an adaptor that links the Pins/G␣i complex to the ( Figure 6O) . Unlike in neuroblasts, however, similar defects can be generated by overexpression of the actiBazooka/DmPar-6/DaPKC (green in Figure 7 ) complex that is inherited from the apical cortex of the epithelial vated G␣i Q205L mutant form ( Figures 6N and 6NЈ the apical cell cortex during neuroblast delamination which is needed for maintaining apical protein localizaWhen G␣i is overexpressed, for example, Pins is recruited to the cell cortex whereas Insc relocalizes into tion in delaminated neuroblasts and ultimately, for orienting asymmetric cell division. In Drosophila, this the cytoplasm, suggesting that the two proteins no 
